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(57) ABSTRACT 

Vibrational energy harvesting (V EH) structures that include 
resonant beams each having a fundamental resonance fre 
quency and a parametric mode frequency and including at 
least one piezoelectric layer for generating electrical charge 
in response to each of fundamental-resonance excitation and 
parametric-mode excitation of that beam. Circuitry is pro 
vided for harvesting the electrical charge from the resonant 
beam. In some embodiments, the parametric mode frequency 
of the beam is tuned to be close to its fundamental resonance 
frequency so as to increase the effective bandwidth of aVEH 
structure. The effective bandwidth of a VEH structure can be 

(86) PCT No.: PCT/US08/57865 further increased by tuning ones of multiple parametric 
mode-enabled resonant beams to slightly different funda 

§ 371 (c)(1), mental resonance frequencies and parametric mode frequen 
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PIEZOELECTRIC VIBRATIONAL ENERGY 
HARVESTING SYSTEMS INCORPORATING 
PARAMETRIC BENDING MODE ENERGY 

HARVESTING 

RELATED APPLICATION DATA 

[0001] This application claims the bene?t of priority of 
US. Provisional Patent Application Ser. No. 60/896,077, 
?led on Mar. 21, 2007, and titled “MEMS-Based Vibrational 
PoWer Scavenger,” Which is incorporated by reference herein 
in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to the ?eld of 
vibrational energy scavenging. In particular, the present 
invention is directed to pieZoelectric vibrational energy har 
vesting systems incorporating parametric bending mode 
energy harvesting. 

BACKGROUND 

[0003] Over the last quarter-century there has been a drastic 
increase in the level of integration of integrated circuits (ICs). 
At the same time, there has been a corresponding signi?cant 
decrease in the feature siZe of ICs. For example, the Width of 
a MOSFET (metal-oxide-semiconductor ?eld-effect transis 
tor) gate is presently on the order of 45 nm and is projected to 
be 18 nm in 2010. This is less than 1/500 the Width ofa human 
hair. IC components have not only dramatically reduced in 
siZe, but have also reduced in poWer consumption. ICs are 
typically made using CMOS (complementary metal-oxide 
semiconductor) circuitry, Which is made of dual n-FET and 
p-FET devices. CMOS circuitry consumes much less poWer 
than either purely nMOS or purely pMOS circuitry. 
[0004] Reduction in both siZe and poWer consumption of 
ICs has led to the recent proliferation of Wireless IC technol 
ogy, Which Was not available just a decade ago. Today, there 
is a diversity of devices using loW-poWer Wireless circuits, 
including laptop computers, cell phones, MP3 players, smart 
phones, telephony headsets, headphones, routers, gaming 
controllers, mobile Internet adaptors, and spy cameras, to 
name just a feW. Of course, each of these devices requires 
some sort of standalone poWer supply to Work. Typically 
poWer supplies for these devices are electrical batteries, often 
replaceable batteries. 
[0005] A Wireless technology ?eld of signi?cant current 
interest, and that is the target for much research, is the ?eld of 
Wireless sensor netWorks. Indeed, researchers envision the 
future to include a Widespread adoption of Wireless sensor 
netWorks (WSNs). In WSNs, Wireless sensors Will be distrib 
uted throughout a particular environment to form an ad-hoc 
netWork or mesh that relays measurement data to a central 
hub. The particular environment could be any one of an auto 
mobile, an aircraft, a factory, and a building, among many 
others. A WSN Will comprise several to tens of thousands 
Wireless sensor nodes that Will operate using multi-hop trans 
missions over short distances. Each Wireless node Will gen 
erally include a sensor, Wireless electronics and a poWer 
source. The result Will be the creation of an intelligent envi 
ronment responding to its conditions and inhabitants, if any. 
[0006] A Wireless sensor node, like the other Wireless 
devices mentioned above, needs some sort of standalone elec 
trical poWer supply to provide poWer to the electronics aboard 
that node. Conventional batteries, such as lithium-ion batter 
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ies, Zinc-air batteries, lithium batteries, alkaline batteries, 
nickel-metal-hydride batteries and nickel-cadmium batteries, 
could be used. HoWever, for Wireless sensor nodes designed 
to function beyond the typical lifetime of such batteries, at 
some point the batteries Would have to be replaced. This could 
cause signi?cant problems and expense depending on the 
number of nodes at issue and the accessibility of those nodes, 
not to mention the need to dispose of the batteries. Conse 
quently, alternatives to batteries and other types of poWer 
supplies needing periodic attention, such as micro-siZe fuel 
cells, Will be desirable for many WSNs. 
[0007] Such alternative standalone poWer supplies Would 
typically rely on scavenging (or “harvesting”) of energy from 
the ambient environment of a Wireless sensor node. For 
example, if the Wireless sensor node is exposed to suf?cient 
light, the alternative standalone poWer supply could include 
photoelectric or solar cells. Alternatively, if the Wireless sen 
sor node is exposed to suf?cient air movement, the alternative 
poWer supply could include a micro-turbine for harvesting 
poWer from the moving air. Other alternative standalone 
poWer supplies could also be based on temperature ?uctua 
tions, pressure ?uctuations or other environmental in?u 
ences. 

[0008] HoWever, there Will be many instances When the 
ambient environment does not include suf?cient amounts of 
light, air movement, temperature ?uctuation and pressure 
variation to provide enough poWer to poWer a particular Wire 
less sensor node. HoWever, the sensor node may be subjected 
to fairly predictable and/ or constant vibrations, for example, 
emanating from the structure supporting the node or to Which 
the node is attached. In this case, a vibrational energy scav 
enger (or harvester) that essentially converts vibrational 
energy into electrical energy can be used. 

[0009] A particular type of vibrational energy harvester 
utiliZes resonant beams that incorporate a pieZoelectric mate 
rial that generates electrical charge When strained during 
resonance of the beams caused by ambient vibrations (driving 
forces). One shortcoming of many conventional pieZoelectric 
vibrational energy harvesters (PVEHs) is that they are mini 
mally dampened devices having high quality factors (Q). 
Thus, they are effective over only very small bandWidths of 
vibrational frequency. This becomes problematic under any 
one or more of a variety of circumstances, such as When the 
Wireless sensor node is subjected to temperature variations 
that change the tuning of the PVEH, When the frequency of 
the ambient vibrations varies over time and When the manu 
facturing methods used to make the PVEH cause variation in 
the as-built tuning of the PVEH. 

SUMMARY OF THE DISCLOSURE 

[0010] One implementation of the present invention is a 
vibrational energy harvester. The vibration energy harvester 
includes: a resonator beam having transverse cross-sectional 
properties, a fundamental resonance frequency in a ?rst bend 
ing direction and a parametric mode frequency in a second 
bending direction perpendicular to said ?rst bending direc 
tion, Wherein said cross-sectional properties are selected to 
tune said fundamental resonance frequency to a ?rst desired 
frequency and to tune said parametric mode frequency to a 
second desired frequency, said resonant beam including 
pieZoelectric material for generating electrical energy in 
response to bending of said resonator beam in each of said 
?rst and second bending directions. 
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[0011] Another implementation of the present invention is 
a vibrational energy harvesting unit. The vibrational energy 
harvesting unit includes: a plurality of piezoelectric vibra 
tional energy harvesting (PVEH) modules electrically con 
nected With one another, Wherein each of said PVEH modules 
includes a plurality of parametric mode enabled PVEH beams 
each con?gured to harvest electrical charge from each of 
fundamental resonance excitation and parametric mode exci 
tation. 
[0012] Yet another implementation of the present invention 
is a Wireless sensor. The Wireless sensor includes: a trans 

ducer for collecting data; a Wireless transmitter for transmit 
ting the data to a receiver spaced from the Wireless sensor; and 
a parametric mode enabled (PME) pieZoelectric vibrational 
energy harvesting (PVEH) poWer supply electrically commu 
nicating With each of said transducer and said Wireless sensor, 
said PME PVEH poWer supply con?gured to scavenge vibra 
tional energy in an environment ambient to the Wireless sen 
sor When in use so as to generate electrical poWer for use in 
poWering said transducer and said Wireless transmitter during 
use. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] For the purpose of illustrating the invention, the 
draWings shoW aspects of one or more embodiments of the 
invention. HoWever, it should be understood that the present 
invention is not limited to the precise arrangements and 
instrumentalities shoWn in the draWings, Wherein: 
[0014] FIG. 1 is an isometric vieW of an example of a 
pieZoelectric vibrational energy harvesting (PVEH) unit 
made in accordance With concepts of the present disclosure; 
[0015] FIG. 2A is an enlarged plan vieW of one of the 
PVEH modules of the system of FIG. 1 shoWing multiple 
groups of parametric-mode-enabled (PME) PVEH beams; 
FIG. 2B is an enlarged partial cross-sectional exploded vieW 
of three of the PVEH modules of FIG. 1 illustrating their 
con?gurations just prior to attachment to one another; FIG. 
2C is an enlarged partial cross-sectional vieW of the upper six 
PVEH modules of FIG. 1 af?xed to one another in the ?nished 

stack; 
[0016] FIG. 3 is a graph of a typical frequency spectrum 
(voltage versus frequency) for a cantilever-type PVEH beam 
made using conventional practices; 
[0017] FIG. 4 is a graph of frequency spectra (voltage ver 
sus frequency) for a set of cantilever-type PME PVEH beams 
made using concepts of the present disclosure, the graph 
shoWing the effects of differing Width:thickness ratios on the 
frequency spectra of the differing beams; 
[0018] FIG. 5 is a graph of a frequency spectrum (voltage 
versus frequency) for a PVEH module containing three 
groups of PME beams in Which the groups are tuned to 
slightly different frequencies; 
[0019] FIG. 6 is an enlarged longitudinal cross-sectional 
vieW of a bimorph PME PVEH beam made in accordance 
With concepts of the present disclosure; 
[0020] FIG. 7 is a cross-sectional vieW as taken along line 
7-7 of FIG. 6; 
[0021] FIG. 8 is a transverse cross-sectional vieW of a 
monomorph PME PVEH beam made in accordance With 
concepts of the present disclosure; 
[0022] FIGS. 9A-P are a series of diagrams illustrating 
steps of a fabrication process that can be used to make a 
monomorph PME PVEH beam, Wherein each of FIGS. 9A-P 
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contains a longitudinal cross-sectional vieW and a transverse 
cross-sectional vieW relative to the ?nished beam; 
[0023] FIGS. 10A-B are a series of diagrams illustrating 
altemative steps that can be used to make a monomorph PME 
PVEH beam, Wherein each of FIGS. 10A-B contains a trans 
verse cross-sectional vieW and a transverse cross-sectional 

vieW relative to the ?nished beam; 
[0024] FIG. 11 is a schematic/ diagrammatic vieW of a Wire 
less sensor made in accordance With concepts of the present 
disclosure; and 
[0025] FIG. 12 is a block diagram ofa netWork ofWireless 
sensors each utiliZing a PME-based poWer source for poWer 
ing each onboard sensor and communications Within the net 
Work. 

DETAILED DESCRIPTION 

[0026] Referring noW to the draWings, FIG. 1 illustrates an 
example of a pieZoelectric vibrational energy harvester 
(PVEH) unit 100 made in accordance With concepts of the 
present disclosure. As those skilled in the art Will appreciate, 
such a PVEH unit may be used to generate electrical poWer 
from scavenged vibrational energy in the ambient environ 
ment in Which the PVEH unit is mounted or otherWise placed. 
Although the illustrated PVEH unit 100 of FIG. 1 is in the 
microscale siZe regimeithis particular example is roughly a 
rectangular parallelepiped of about 7.5 mm along each base 
edge and 13 .5 mm along the height4other PVEH units made 
in accordance With concepts of the present disclosure can be 
altematively constructed in another siZe regime, such as a 
mesoscale-siZe regime, using fabrication techniques that Will 
be readily understood by those skilled in the art. Because of 
the siZe of exemplary PVEH unit 100, those skilled in the art 
Will recogniZe that it can be made using MEMS (micro 
electromechanical systems) fabrication techniques. 
Examples of MEMS fabrication techniques are described 
beloW in connection With FIGS. 9A-P and 10A-B. 
[0027] PVEH units made in accordance With concepts of 
the present disclosure, such as PVEH unit 100, are particu 
larly, though not exclusively, suited to applications Wherein 
the devices they are used to poWer are either required or 
desired to be self-contained for any one or more of a variety of 
reasons, such as physical inaccessibility, impracticability of 
providing poWer Wires or changing batteries, unavailability of 
alternative poWer sources and cost, among others. It is 
impractical to list all of the applications that can bene?t from 
implementing broad concepts of the present disclosure. HoW 
ever, since Wireless sensor netWorks are presently an impor 
tant target application for this technology, the present disclo 
sure contains examples of implementing these concepts in a 
Wireless sensor and in a sensor netWork containing such a 
Wireless sensor. That said, those skilled in the art Will readily 
appreciate that Wireless sensor netWorks are by no means the 
only possible application for the broad concepts disclosed 
herein. 
[0028] With continuing reference to FIG. 1, and also to 
FIG. 2A, at a high level, PVEH unit 100 of this example 
includes sixteen PVEH modules 104A-P (one of Which, mod 
ule 104C, is shoWn in detail in FIG. 2A). Modules 104A-P 
share the same general construction, Which includes a plural 
ity of groups of like PVEH beams, Wherein all of the beams 
With a group are tuned the same and the tuning of the beams 
differs among the groups. This is illustrated in FIG. 2A by 
module 104C having six groups 200A-F each containing 
eight identically tuned PVEH beams 204A-F (in this example 
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cantilever-type beams) and in Which the beam tunings differ 
among the six groups. In this example, the differing tunings 
are provided by changing the active lengths L A through L F of 
PVEH beams 204A-F, respectively, as seen in FIG. 2A. 
Examples of additional/ alternative Ways to vary the tunings 
of PVEH beams 204A-F are mentioned below. It is also noted 
that in this example each PME PVEH beam 204A-F is a 
“bimorph” beam in terms of the layering of a pieZoelectric 
material used to fabricate the beams and is also a “split 
electrode” beam in terms of the Way the electrodes for har 
vesting electrical energy from the pieZoelectric material are 
specially con?gured for harvesting energy from the paramet 
ric mode excitation of the beam. Each of the bimorph and 
split-electrode concepts is described beloW in detail. 
[0029] As Will be appreciated by those skilled in the art, 
PVEH module 104C shoWn in FIG. 2A is merely one example 
of a virtually in?nite number of con?gurations of a PVEH 
module that can be constructed using the broad concepts 
disclosed herein. FolloWing are a feW of the items that can be 
changed, alone and in various combinations With each other, 
to provide different designs: 1) the number of PVEH beams in 
each group may differ from the eight shoWn in different 
designs; 2) the number of PVEH beams can be varied among 
the groups; 3) the number of groups may differ from the six 
shoWn; 4) the number of non-identical groups may be differ 
ent from the six shoWn; 5) each module may have tWo or more 
groups that are identical to one another; and 6) the PVEH 
beams may be other than of the cantilever type, such as the 
dual ?xed-end type, the dual clamped-end type, simply sup 
ported type and mixed type that are combinations of other 
types, among others. The support conditions do not limit that 
application of the broad concepts of the present disclosure. 
[0030] Furthermore, all of PVEH modules 104A-P need 
not be the same as module 104C shoWn in FIG. 2. For 
example, if six differing beam tunings are desired, all sixteen 
PVEH modules 104A-P of FIG. 1 may be identical. HoWever, 
six differing beam tunings can be provided in other Ways. For 
example, each PVEH module may provide tWo differing tun 
ings, such that at least tWo others of the modules each provide 
yet tWo different tunings. As another example, entire PVEH 
modules may have only one beam tuning, so that the six 
different tunings are provided by at least six modules all 
having tunings differing from one another. The foregoing is 
just a sample of many variations that can be made to achieve 
a desired goal. 

[0031] It is also noted that a PVEH unit made using broad 
concepts disclosed herein can vary in the number of differing 
beam tunings according to the particular design parameters at 
issue. For example, in some applications, only a single beam 
tuning Will be needed for an entire PVEH unit, Whereas for 
other applications, three, six, ten or more differing tunings 
may be bene?cial. Some factors involved With determining 
hoW many beam tunings should be provided are discussed 
beloW. 

[0032] A PVEH unit made in accordance With concepts of 
the present disclosure, such as PVEH unit 100 of FIG. 1, Will 
include any one or more of a number of features that can give 
it a relatively high poWer density (poWer generated per unit 
volume) and can provide it With a relatively Wide frequency 
response. These features include specially designed PVEH 
beams that not only harvest vibrational energy from funda 
mental-mode excitation of the beams in the direction of the 
driving vibration, but also harvest energy from parametric 
mode excitation of the beams. Parametric-mode excitation is 
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a non-linear resonance mode perpendicular to the driving 
force (vibration). The PVEH beams of the present disclosure 
that are specially designed to harvest energy from parametric 
mode excitation are conveniently referred to herein and in the 
appended claims as “parametric mode enabled,” or “PME.” 
By varying the cross-sectional properties of each PME beam, 
the frequency of parametric-mode excitation of that beam is 
tunable to create the desired effect of either increasing the 
poWer density of a PVEH unit or increasing the effective 
excitation bandWidth of the unit, or both. In addition to 
increasing the effective excitation bandWidth of each beam by 
tuning the parametric -mode excitation frequency, the overall 
excitation bandWidth of a PVEH unit of the present disclosure 
can be increased by providing multiple groups of PVEH 
beams Wherein the groups are tuned to slightly different fre 
quencies. This is illustrated in the context of module 104C of 
FIG. 2A by the presence of the six groups 200A-F having six 
different tunings, as illustrated visually by the six different 
lengths L A through LP of beams 204A-F, respectively. As 
described beloW, the differing tunings can be provided in 
other Ways, such as providing beams 204A-F in differing 
groups With differing proof masses (228 in FIGS. 2B and 2C) 
and a combination of varying the lengths L A through L F and 
providing differing proof masses, among others. 
[0033] Before describing several examples of PME PVEH 
beams, it is seen in FIG. 1 that PVEH modules 104A-P are 
con?gured stacked and secured With one another and With end 
modules 108A-B so as to form an integrated, self-packaged 
unit. Although not illustrated in detail in FIG. 1, PVEH mod 
ules 104A-P are electrically connected With one another and 
With end modules 108A-B so that the electrical poWer avail 
able from outputs 112, 116 is the sum of poWer generated by 
all of the PME PVEH beams, such as beams 204A-F (FIG. 
2A), of all of the PVEH modules. As those skilled in the art 
Will understand, PME modules can be electrically connected 
to one another in either series or parallel, depending on the 
particular deployment of PVEH unit 100. In this example, 
Which again is in the microscale regime, each PVEH module 
104A-P is a silicon-based die made using various layer depo 
sition, removal and etching techniques. Several processing 
techniques suitable for use in making such modules are 
described beloW in connection With FIGS. 9A-P and FIGS. 
10A-B. End modules 108A-B of this example are also made 
using similar techniques, and the various PVEH modules 
104A-P and end modules are bonded to one another using 
suitable bonding techniques. An example of a suitable bond 
ing technique is described beloW in connection With FIGS. 
2B-C. It is noted that one or both end modules 108A-B may 
include rectifying and regulating circuitry (not shoWn) as 
appropriate for a particular design. 
[0034] FIGS. 2B-C illustrate an example of hoW the PVEH 
modules 104A-B and end modules 108A-B of FIG. 1 may be 
secured and electrically connected to one another. FIG. 2B 
illustrates three of PVEH modules 104A-P of FIG. 1, speci? 
cally PVEH modules 104E-G, in proper relation to one 
another as they Would be during formation of the stack of 
PVEH unit 100 (FIG. 1). As seen in FIG. 2B, in this example, 
each module 104E-G is provided With glass frit 208 that Will 
be used to bond the modules to each other in a vacuum 
assembly process. Glass frit 208 is placed in a manner that 
Will hermetically seal the cavities 212 that Will contain the 
beams (here, beams 204A) after PVEH modules 104E-G are 
secured to one another. A ball of solder 216 is placed on each 
PVEH module 104E-G at each location Where electrical con 
nection must be made betWeen the modules. In this design, 
the bottom electrode 220 is electrically connected to the sili 
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con substrate 224. FIG. 2C shows the upper six modules, i.e., 
end module 108A and PVEH modules 104A-E, bonded to 
one another after the vacuum assembly process. As can be 
seen in FIG. 2C, during the vacuum assembly process that 
includes heating modules 104A-E, 108A to a su?icient tem 
perature that melts glass frit 208 and solder balls 216, the 
solder balls ?ow and solidify to form ?ll a space between 
adjacent modules, thereby providing electrical continuity 
between the adjacent modules. During the vacuum assembly 
process, a vacuum is formed in each of cavities 212, and that 
vacuum is held by the hermetic seal provided by the melted 
and solidi?ed glass frit 208. 
[0035] For the sake of illustration, the following Table pro 
vides approximate minimum and maximum values of a num 
ber of relevant parameters for a set of exemplary microscale 
PVEH units (not shown) generally similar to PVEH unit 100 
of FIG. 1. Like PVEH unit 100, each of the individual PVEH 
modules in the exemplary set (corresponding to ones of 
PVEH modules 104A-P) is a 7.5 mm><7.5 mm square die 
having a thickness of 675 pm, which is a typical thickness of 
a 150 mm diameter silicon wafer. Of course, other wafer 
thicknesses can be used, but a 675 mm thick wafer provides 
ample thickness for creating the two-sided cavities 212 illus 
trated in FIGS. 2B-C. The end modules (corresponding to end 
modules 108A-B of FIG. 1) in this example are made from the 
same wafer(s) as used to make the PVEH modules and, there 
fore, have the same thickness. Each of the dies corresponding 
to the PVEH modules includes bimorph, split-electrode PME 
PVEH beams made using the processing techniques 
described below in connection with FIGS. 9A-P and 10A-B. 
In this example, each PVEH module (chip) contained eight 
like-tuned groups each having twelve PME PVEH beams 
electrically connected together in series and produces 0.2 V 
and 100 [1W of power. In this example, all of the PVEH 
modules in each PVEH module are electrically connected in 
series so as to maximiZe the voltage across the respective 
output nodes. Consequently, 10 dice stacked electrically in 
series, after recti?cation (assume a 0.5 V loss), will achieve 
1.5 V and 1 mW ofpower. This will be a 7.425 mm tall stack, 
including a cap chip. Similarly, a 4.05 mm tall stack will 
produce 0.5 V and 0.5 mW of power, a 10.8 mm stack will 
produce 2.5 V and 1.5 mW ofpower, a 20.925 mm high stack 
will produce 5.5 V and 3 mW of power, etc. 
[0036] Of course, the values in the following table are spe 
ci?c to this example and similar values for other PVEH units 
made in accordance with the broad concepts disclosed herein 
will have other values depending on their scale and construc 
tion. For example, while minimum and maximum operating 
frequencies in the Table are indicated as 50 HZ and 1500 HZ, 
respectively, PVEH units and modules made in accordance 
with the broad principles disclosed herein can be made to 
have other operating frequencies. That said and generally 
speaking, many applications for PVEH units and modules 
made in accordance with the present disclosure will likely 
requires operating frequencies (bands) in a range of 50 HZ to 
250 HZ. 

TABLE 

Parameter Min. Max. units 

Volume 0.22 1.17 cm3 
Voltage 0.5 5.5 Volts 
Power 0.5 3.0 mWatts 
Power Density 2.27 2.72 mW/cm3 
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TABLE-continued 

Parameter Min. Max. units 

Acceleration 1 g 1 g i 

Frequency 5 0 15 00 Hertz 
Bandwidth 2 10 Hertz 

Note: 
All values estimated 

[0037] FIGS. 3-5 are presented to highlight differences 
between PME PVEH technology of the present disclosure 
and conventional PVEH technology, as well as to explain 
concepts attendant the exploitation of parametric mode exci 
tation. FIG. 3 is a frequency spectrum 300 for a conventional 
rectangular-cross-sectioned cantilever PVEH beam having a 
width that is much greater than its thickness. For example, the 
width of such a conventional PVEH beam would be on the 
order of 50 times the thickness of the beam. FIG. 3 also shows 
schematically a cantilever beam 304 and the coordinate sys 
tem 308 used in connection with FIGS. 3-5 (and also FIGS. 
6-8). In a conventional PVEH beam having a width much 
greater than its thickness, parametric mode excitation is 
essentially nonexistent. Consequently, and considering only 
the ?rst harmonic, frequency spectrum 300 has only a funda 
mental resonance frequency peak 300A, here at 120 H212 HZ, 
due to ?rst bending mode excitation in the ZX-plane and a 
?rst harmonic frequency peak 300B, here at 751.2 H212 HZ, 
due to second mode excitation also in the ZX plane, each due 
to a driving vibration in the ZX-plane. 

[0038] FIG. 4 reproduces frequency spectrum 300 of FIG. 
3, and its fundamental and ?rst harmonic peaks 300A-B, 
respectively and also contains six additional peaks 400, 402, 
404, 406, 408, 410 resulting from beam bending in the YZ 
plane due to parametric mode excitation at differing width: 
thickness ratios much smaller than the ratio (>50) of FIG. 3. 
Again, the parametric mode excitation causes bending in a 
plane, here the YX-plane) perpendicular to the plane of driv 
ing vibration, here the ZX-plane. It is noted that frequency 
spectrum 300 is equally applicable to the much narrower 
beams that provide parametric-mode peaks 400, 402, 404, 
406, 408, 410 because, generally, for a beam of a particular 
Z-direction thickness the frequency response spectrum does 
not change with changing Y-direction widths. 
[0039] As seen from FIG. 4, parametric-mode peaks 400, 
402, 404, 406, 408, 410 correspond, respectively, to width: 
thickness ratios of 1.5, 2, 3, 4, 5 and 7, with the heights of 
these peaks decreasing as the ratio increases. While any of 
these, or other similarly valued widthzthickness ratios, can be 
exploited for parametric mode vibrational energy harvesting, 
ratios of 1 to around 1.5 are of particular note since the 
corresponding response peaks (illustrated by peak 400) in this 
range overlap with fundamental resonance peak 300A. Gen 
erally, a widthzthickness ratio puts the frequency of the para 
metric mode excitation within about 5 HZ of the fundamental 
resonance frequency. Consequently, implementing width: 
thickness ratios in this regime in conjunction with circuitry 
that exploits the attendant parametric mode excitation can be 
used to broaden the useful bandwidth of a PVEH device, such 
as PVEH unit 100 of FIG. 1. It is noted that at a width: 
thickness ratio of 1, the parametric mode peak (not shown) 
would coincide with fundamental resonance peak 300A. 
Consequently, use of appropriate circuitry that fully exploits 
both fundamental resonance excitation and parametric mode 
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excitation could essentially double the output of a PME 
PVEH device relative to the same device that exploits only the 
fundamental resonance excitation. 

[0040] While tuning a PME PVEH beam so that the para 
metric mode excitation frequency is close to the fundamental 
resonance frequency of the beam is very useful in broadening 
the bandWidth of the frequency response of that beam, those 
skilled in the art Will readily appreciates that other parametric 
mode tunings may also be useful. Generally, but Without 
necessarily being limiting, it is presently envisioned that tun 
ings (for rectangular cross-sectioned beams) that may ?nd 
useful application vary from a Width:thickness ratio of 1:1 to 
8: 1. For example, there may be environments containing tWo 
speci?c ?xed vibration frequencies that are more than 5 HZ 
apart (Width:thickness ratio >1.5). In such a case, the funda 
mental resonance frequency of a PME PVEH beam could be 
tuned to one of the frequencies and the parametric mode 
frequency could be tuned to the other, say, for example, by 
making the Width:thickness ratio of the beam someWhere 
from 2:1 to 8:1, as required. As another example, the Width: 
thickness ratio could be 6.26: 1. This Would double the output 
voltage and poWer of the second bending resonance mode 
(see ?rst harmonic peak 300A and peaks 408, 410 corre 
sponding to Width:thickness ratios 5:1 and 7: 1, respectively). 
[0041] With FIG. 4 illustrating the concept of bandWidth 
broadening by exploiting parametric mode excitation, FIG. 5 
illustrates hoW the effective bandWidth of a PVEH device of 
the present disclosure, such as PVEH unit of FIG. 1, can be 
further broadened by providing PME beams having slightly 
different fundamental resonance frequency tunings. FIG. 5 
shoWs a frequency response spectrum 500 for a system (not 
shoWn) of PME PVEH beams that includes: 1) one or more 
beams each tuned to the same fundamental resonance fre 
quency in the ZX-plane (see FIG. 3) as the beam in FIG. 3, 
i.e., 122 HZ (peak 500A); 2) one or more beams each tuned to 
have a fundamental frequency in the ZX-plane of 114 HZ 
(peak 500B); and 3) one or more beams each tuned to have a 
fundamental frequency in the ZX-plane of 130 HZ (peak 
500C). Second bending mode (?rst harmonic) peaks 500D-F 
corresponding respectively to fundamental mode peaks 
500A-D, are shoWn for context but are typically negligible in 
designing such a system. In addition to these differing fun 
damental resonance tunings in the ZX-plane, each of the 
differently tuned beams is provided With a Width:thickness 
ratio of about 1.5 (again, thickness is in the Z-direction and 
Width is in theY-direction), Which produces parametric mode 
excitation peaks 500G-I that correspond respectively, to fun 
damental resonance peaks 500A-C. As can be readily seen, 
adding the effects of both providing multiple slightly offset 
fundamental resonance tunings and exploiting parametric 
mode excitations of the differently tunes beams provides 
signi?cant bandWidth broadening. In this example, the over 
all broadened bandWidth centered near 122 HZ is about 20 HZ. 

[0042] BandWidth broadening in high quality factor (Q) 
devices such as largely undampened PVEH beams is useful 
for any one or more of a variety of reasons. For example, for 
PVEH devices that must operate over a range of temperatures, 
a broadened bandWidth alloWs the devices to operate at maxi 
mum effectiveness over the range as the beams stiffen and 
relax With the changing temperature. As another example, a 
broadened bandWidth device is more effective in environ 
ments Where the ambient vibrations vary. Broadened band 
Width devices also provide greater tolerance to manufacturing 
variation and can also provide production economies in that a 
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single device Will be useful over a broader range of frequen 
cies, so that a feW broadened bandWidth devices can be used 
in place of many narroWer bandWidth devices for a given large 
range of frequencies. These and other bene?ts of bandWidth 
broadening that can be achieved using concepts disclosed 
herein Will be readily understood and appreciated by those 
skilled in the art. 

[0043] FIGS. 6 and 7 illustrate a bimorph PME PVEH 
beam 600 that can be used for each of beams 204A-F of 
PVEH module 104C of FIG. 2. As readily seen in FIG. 6, 
bimorph beam 600 is a cantilever beam ?xed at one end and 
free at the other. In this example, bimorph beam 600 is a 
microscale structure formed on a silicon Wafer 604 using 
fabrication steps similar to the steps illustrated beloW in con 
nection With FIGS. 9A-P and 10A-B. While the explanation 
of bimorph beam 600 is to be understood in this context, those 
skilled in the art Will readily understand that the basic struc 
ture of this bimorph beam could alternatively be executed in 
another siZe regime, such as a mesoscale regime, by changing 
the fabrication techniques accordingly. Since those skilled in 
the art Will understand the alternative fabrication techniques 
necessary to execute the structure of bimorph beam 600 at 
another scale, those alternative techniques do not need to be 
described herein for those skilled in the art to appreciate the 
broad scope of the present disclosure. The reader is referred to 
FIGS. 9A-P and 10A-B and accompanying text for an expla 
nation of fabrication techniques suitable for forming micros 
cale bimorph beam 600. 
[0044] As best seen in FIG. 7, beam 600 is considered to be 
“bimorph” because it has tWo distinct and separate pieZoelec 
tric layers 700, 704, Which are located on opposite sides of the 
neutral axis for bending in the ZX-plane (here set to coincide 
With theY-axis 708 of the global coordinate system). As those 
skilled in the art Will appreciate, pieZoelectric layers 700, 704 
are located on opposite sides of neutral axis 708 so that during 
bending in the ZX-plane the entirety of each layer is either 
positively or negatively strained so as to avoid internal elec 
trical charge cancellation in the pieZoelectric material that 
Would occur if a single layer straddled the neutral axis. If 
either of pieZoelectric layers 700, 704 straddled neutral axis 
708 during ZX-plane bending, a portion of that layer Would 
have a positive strain and another portion Would have a nega 
tive strain, With the resultant electrical charges canceling one 
another. 

[0045] In this example, each of these layers is split into tWo 
portions 700A-B, 704A-B, With portions 700A, 704A falling 
on one side of the neutral axis ofYX-plane bending (here, for 
convenience set to coincide With the Z-axis 712) and portions 
700B, 704B falling on the other side of neutral axis 712. The 
reason for splitting pieZoelectric layers 700, 704 in this man 
ner is to prevent the charge cancellation in parametric mode 
bending that Would occur if these layers Were continuous 
across neutral axis 712. As is readily seen in FIG. 7, pieZo 
electric portions 700A, 704B, 704B, 700A can be considered 
to fall, respectively, in quadrants Q1 through Q4 de?ned by 
neutral axes 708, 712. In this connection, it is noted that While 
the parametric mode bending occurs in the YZ-plane perpen 
dicular to the fundamental mode bending plane (ZX-plane), 
the actual motion of the free end of bimorph beam 600 under 
the in?uence of a su?icient driving vibration is circular in 
nature. Consequently, the quadrantiZation of pieZoelectric 
portions 700A-B, 704A-B provides an effective Way to har 
vest the charges from these portions quadrant by quadrant. 
For example, When the bending of bimorph beam 600 is 














